ABSTRACT: Density functional theory (DFT) calculations combined with microkinetic analysis were performed to study the behavior of ammonia on clean, oxygen-and hydroxyl-predosed Ir(100). It is shown that the predosed oxygen or hydroxyl promotes NH 3 and NH dehydrogenation steps, while NH 2 dehydrogenation is slightly inhibited relative to clean Ir(100). In both cases, the hydrogen transfer from NH x species to predosed O or OH is favored over thermal decomposition of NH x . Furthermore, the predosed O exhibits higher activity on NH 3 and NH dehydrogenation steps than OH, while the case is reversed for NH 2 . On clean Ir(100), N + N pathway is the major N 2 formation pathway when TPD experiment starts from 200 K, and N + NH is also involved but less competitive; however, three pathways N + N, N + NH, and NH + NH are all possible with respect to TPD experiment starting from 410 K. , N + N pathway is the predominant pathway and is enhanced by the predosed O or OH. The microkinetic analysis further confirms that N 2 is the resulting product at different temperatures and ratios of NH 3 /O 2 , and the formation of NO is unfavorable.
INTRODUCTION
Ammonia is an important industrial molecule, which is used in the production of nitrogenous fertilizers 1 and for the selective catalytic reduction process of nitrogen oxides (NO x ) 2,3 in tail gas and especially as hydrogen carrier, 4−6 which can be released by ammonia catalytic decomposition. Meanwhile, ammonia is a toxic component in the waste stream that can cause pollution of lakes and seas, and its release in the environment is unwanted. 7−9 Owing to its great industrial importance and air pollution control, the surface chemistry of ammonia has attracted much attention. There are a great number of studies for ammonia dissociation into N 2 and H 2 4−6,10−21 or oxidation toward N 2 and H 2 O 22−40 on a variety of transition metal surfaces. It is observed that the oxidation of ammonia can lead to formation of possible nitrogenous byproducts NO x besides N 2 , depending on reaction conditions such as the catalyst, experimental pressure (different ratios of NH 3 /O 2 ), and temperature. 22, 23, [27] [28] [29] [30] [31] [32] 35 In general, high-temperature and oxygen-rich conditions favor NO x formation, whereas lowtemperature and oxygen-lean conditions favor N 2 formation. The key problem in the ammonia reduction is how to effectively improve the N 2 formation route and selectively avoid the conversion of nitrogen into its oxides. To achieve this purpose, catalysts for this process are required to be both active and selective toward N 2 rather than NO x .
Ir-based catalysts were found to possess high low-temperature oxidation activity and more selectivity toward nitrogen than platinum and some other metals. 24, 26, [28] [29] [30] [31] [32] 37 Several fundamental studies concerning ammonia decomposition and oxidation on various iridium single surfaces such as Ir(110), 10,29−32 Ir(510), 32 and Ir(111) 28, 29 have been performed. It is found that these iridium single surfaces were effective for the selective reduction of NH 3 toward N 2 , but with a small amount of NO x . Recently, Goodman et al. studied ammonia decomposition on Ir(100) using temperatureprogrammed desorption (TPD) and X-ray photoelectron spectroscopy (XPS). 4, 5 They reported that the desorption and dissociation of NH 3 were very competitive, leading to approximately 12% of the chemisorbed ammonia stepwise decomposition on the clean Ir(100) surface, while in the presence of coadsorbed oxygen, the catalytic activity for the reduction of NH 3 was greatly increased, leading to 100% ammonia conversion. They proposed that this is maybe due to the increase of the ammonia desorption temperature by the presence of coadsorbed oxygen on the surface. And different from what were reported on Ir(110), 10,29−32 Ir(510), 32 and Ir(111) 28, 29 surfaces, no traces of NO x were observed on Ir(100). 4 It is suggested that ammonia dissociation activities and selectivities were strongly dependent on Ir surface structure and the coexistence of oxygen on the surface could modulate the reactivity of the surface.
With respect to the mechanism of ammonia oxidation on metal surface, most of experimental and theoretical studies have concluded that the ammonia oxidation reaction proceeds via the successive stripping of hydrogen from the ammonia molecule catalyzed by adsorbed oxygen (O ad ) or hydroxyl (OH ad ) species, which can be described by the generally accepted reaction scheme (M1): 22 
Recently, Nieuwenhuys and his co-workers 30 proposed another ammonia oxidation dehydrogenation mechanism (M2) as follows:
Although experimental techniques can provide some valuable atomic-level information, many fundamental questions concerning the process on Ir(100) are still elusive. For instance, in the present system, the mechanism of ammonia oxidation dehydrogenation accords to M1 or M2 or both of them are competitive, how the presence of O ad or OH ad acts as a promoter and which one plays a more important role in the reduction process, and which step is difficult step in the process of ammonia oxidation. Theoretically, ammonia adsorption and decomposition on the clean Ir(100) surface have been studied employing density functional theory (DFT) by Xie et al. 13 However, to the best of our knowledge, mechanism of ammonia oxidation on O-or OH-predosed Ir(100) surface, and how the coexistence of O ad and OH ad affect the reaction pathways have not been studied yet. Therefore, theoretical investigation for ammonia oxidation process on the O-and OH-precovered Ir(100) surfaces is very desirable.
In this work, the first principle DFT calculations were performed to character the behavior of ammonia on O-or OHpredosed Ir(100) surface and the results were compared with those on the clean surface. The adsorption stability and the site preference of ammonia and the derived species, and the minimum energy paths for the elementary steps have been computed. The possible M1 or M2 mechanism for the ammonia dehydrogenation and the possible products N 2 and NO formation on O-or OH-precovered Ir(100) surface were investigated. Based on DFT calculated results and the microkinetic model analysis, the possible products selectivity were revealed. The rate constants of the elementary steps involved in microkinetic model have been calculated based on the harmonic transition state theory. 41, 42 Our main purpose is to identify plausible reaction mechanisms and understand the role of predosed O or OH in the process of ammonia oxidation and the high selectivity toward N 2 on the O-or OH-precovered Ir(100) surface.
COMPUTATIONAL DETAILS
In the present paper, all the electron structure calculations were performed with Vienna ab initio simulation package (VASP). 43, 44 The exchange-correlation energies were dealt by the generalized gradient approximation (GGA) with the function of Perdew and Wang (PW91) 45 and electron−ion interactions were described by the projected augmented wave (PAW) method. 46, 47 We used a plane wave basis set with an energy cut off of 400 eV. Spin-polarized calculations were carried out. The calculated lattice constant for Ir is 3.88 Å, which agrees well with the experimental values of 3.84 Å. 48 The Ir(100) surface was modeled by a five-metal layers periodic slab with a (2 × 2) unit cell corresponding to 0.25 ML. The (2 × 2) unit cell, used for adsorption and reaction studies, is reasonable to model the experiment. 4 In Goodman's experiment, 4 they used a monolayer of ammonia and nearly the same coverage of atomic O for oxidation reaction. As previous calculations 22, 38, 49 have shown that the surface coverage has small effects for similar systems, in the present study, we used the computationally less expensive (2 × 2) model for Ir(100) modeled as periodically repeating slabs. Note that the (3 × 3) cell is appropriate and large enough for reducing the interaction of adsorbates, and the calculations performed at lower coverage may yield different results, such as structures, adsorption energy, and reaction barriers. 38,50−52 To minimize coverage effects, the reaction energy barriers for bimolecular reactions were calculated as the energy difference between the transition state structures and the noninteracting reactant states. Such an approach has been employed extensively to obtain lateral interactions. 22, 53 The interaction energy was defined as the difference between the energies of the coadsorbed configuration and the noninteracting states (each adsorbate in separate unit cell at its most stable position). Taking into account the compromise between the accuracy and the computational cost, eight vacuum layers (15.5 Å) were used to remove any of the interaction between the slabs. The Monkhorst-Pack 7 × 7 × 1 K-point mesh was used to sample Brillouin zone interaction. The upper three layers of the surfaces were allowed to relax along with the adsorbates, while only the bottom two layers were frozen in a bulk-like geometry. The optimization was stopped when the root-mean-square force on the atomic nuclei was less than 0.02 eV/Å. The parameters used here have been proved to be enough in our previous study of NO adsorption and dissociation on Ir(100). 54 The climbing image nudge elastic band (CINEB) method 55 was applied to locate transition state structures, and paths of minimum energy (MEP) were constructed accordingly. Several reaction paths were considered for all reactions, but only the lowest energy transition states are reported. The harmonic vibrational frequency calculations were performed to character the nature of all the stationary points and to evaluate the prefactors of the reactions. 56 The minima possess only real frequencies, while the transition states are confirmed to have one and only one imaginary frequency. The zero point energy corrections (ZPE) were used for constructing the potential energy profiles and carrying out microkinetic model. All the energies discussed following are obtained with the ZPE corrections. The adsorption energy (E ads ) for each possible adsorbate was calculated according to eq 7:
ads surf gas gas surf (7) where E gas−surf , E surf , and E gas are the total energies of the adsorbed system, the clean surface and the corresponding gasphase species, respectively. By this definition, a positive E ads implies a stable adsorption and exothermic process. A. Pathways on Clean Ir(100). The NH 3 molecule as shown in Figure 1 (structure 1) binds with iridium surface on the top site through a N atom, with the N−Ir distance (d N−Ir ) of 2.152 Å. The adsorption energy of this configuration is calculated to be 0.96 eV, in good accord with previous theoretical value of 0.95 eV. 13 Applying a very rough rule-of-thumb (around 300 K for a barrier of 0.75 eV, and 400 K for a barrier of 1.00 eV), 17 it is estimated that NH 3 could be desorbed around 384 K, in reasonable agreement with the experimental observation at 360 K. 4 According to our calculations, NH 3 dissociation has a reaction barrier of 0.86 eV and a reaction energy of −0.34 eV. The barrier of NH 3 dissociation is well consistent with the experimental value of 0.87 eV 4 while slightly lower than the previous theoretical value of 0.91 eV 13 by nonpolarized DFT calculation. The dissociation barrier is only 0.1 eV lower than the desorption energy, indicating the ammonia dissociation and desorption are competitive.
NH 2 preferentially adsorbs on the bridge site (3 in Figure 1 ) with its C2-axis perpendicular to the iridium surface. The calculated adsorption energy, E ads , is 3.30 eV for the bridge site, which is 0.83 eV more stable than that on the top site, indicating a very strong preference for NH 2 to occupy this position. The energy barrier for this dehydrogenation step is 1.02 eV and the reaction energy is 0.04 eV, in reasonable agreement with the previous results of 1.09 and 0.16 eV, 13 respectively. The difference is mainly due to spin-polarized calculation.
NH prefers the hollow site (5 in Figure 1 ) although the bridge site is also a minimum. The calculated adsorption energies for hollow and bridge sites are 4.55 and 4.19 eV, respectively. The NH dissociation needs to overcome a barrier of 0.96 eV, which is slightly higher than that of 0.83 eV proposed by Xie et al., 13 due to spin-polarized calculation, and it is endothermic by 0.36 eV. This difference from previous DFT result can also be seen from the transition state structure. At TS3, both of N and H adatoms sit at the hollow site, with the corresponding N−H bond elongated to 1.46 Å, smaller than the reported value of 1.68 Å.
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B. Effect of Predosed Oxygen. Two reaction mechanisms (M1 and M2) for N−H scission in NH 3 on O-predosed Ir(100) surface, as well as the most stable coadsorption configuration 7, are shown in Figure 2a . In the most stable coadsorption configuration 7, NH 3 adsorbs on the top site and O adsorbs on the bridge site, indicating the predosed O atom does not affect the site preference of NH 3 . In structure 7, one of N−H bond distance is elongated to 1.076 Å, which is 0.052 Å longer than that on clean surface, indicating that NH 3 molecule is clearly activated by the presence of surface oxygen. The d N−Ir is 2.131 Å, which is 0.021 Å shorter than that on the clean surface, and the adsorption energy of NH 3 is increased to 1.38 eV, which is 0.42 eV larger than that on clean surface. The stronger interaction of NH 3 with the Ir(100) surface than that on clean surface indicates that the desorption of adsorbed ammonia becomes difficult than that on clean surface, consistent with the experimental observation of no ammonia desorption. 4 As shown in Figure 2a , there is strong attractive interaction energy of −0.42 eV due to the hydrogen bond between NH 3 ad and the coadsorbed O in structure 7. Starting from structure 7, the reaction barriers of pathways M1 and M2 are 0.71 and 0.82 eV, respectively, which are slightly lower than that of 0.86 eV on clean Ir(100), indicating that N−H bond scission of NH 3 is somewhat easier than that on clean surface. At final state, NH 2 still binds at the top site through the N−Ir bond in M1 pathway, while NH 2 moves to the adjacent bridge site in M2 pathway. The barrier of M1 pathway is slightly lower than that of M2 pathway, while the latter is more exothermic than the former, and as a result, M1 and M2 pathways would be competitive. It should be stressed that the dehydrogenation barrier of NH 3 on O-predosed Ir(100) surface is much lower than the desorption energy (1.38 eV), leading to 100% NH 3 conversion, which is in good agreement with experimental observation. 4 For the N−H bond scission of NH 2 on O-predosed Ir(100) surface, the pathways starting from the most stable coadsorption structure 10 with a dibridge structure, which leads to NH and OH via M1 pathway or NH + H + O via M2 pathway, are shown in Figure 2b . This coadsorbed structure is stabilized by 0.46 eV due to an attractive interaction energy with respect to the infinite separation reactants. Starting from structure 10, the reaction barriers of M1 and M2 pathways are 1.25 and 2.10 eV, respectively, and the reaction are endothermic by 0.96 and 1.11 eV, respectively. Clearly, M1 is more favorable than M2, while both of them have higher barriers than that on the clean surface, and therefore the predosed O does not activate NH 2 dissociation.
The most stable coadsorption configuration 13 (shown in Figure 2c ) is taken as the initial state for NH dehydrogenation reaction. In structure 13, both NH and O prefer bridge sites and there is a weak repulsive interaction between them with a value of 0.17 eV. The barrier of M1 pathway is very small, only 0.09 eV (relative to coadsorbed state) with a reaction energy of 0.07 eV, while the corresponding values are 1.35 and 0.82 eV for M2 pathway. Thus, M1 pathway is the favorable reaction path. Also, it is seen that a hydrogen bond is formed in transition state TS8, which stabilizes the transition state. So when O atoms are present, the dissociation of NH is largely enhanced by the reaction of NH + O → N + OH (0.09 vs 0.96 eV) than that on clean Ir(100) surface.
C. Effect of Predosed Hydroxy. As seen from Figure 3 , as discussed for NH x (x = 1−3) + O reactions, there are also two reaction paths for the NH x (x = 1−3) + OH reactions via M1 and M2 pathways, leading to NH x−1 (x = 1−3) + H 2 O, and NH x−1 (x = 1−3) + H + OH, respectively. The NH 3 dehydrogenation reaction starts from the most stable Figure 3a) , where both NH 3 and OH adsorb on top site with a repulsive interaction energy of 0.30 eV. In structure 16, one of N−H bond distance is elongated to 1.040 Å, which is 0.017 Å longer than that on clean surface. The d N−Ir is shortened to 2.118 Å, and there is a stronger interaction of NH 3 with the Ir(100) surface than that on clean surface, with the adsorption energy of 1.29 eV. The barriers for OH-assisted dehydrogenation of ammonia are 0.74 eV for M1 and 1.00 eV for M2, relative to the most stable initial state, indicating that M1 pathway is more competitive than M2 pathway.
The most stable coadsorbed structure 19 (shown in Figure  3b ) is taken as the initial state for NH 2 dehydrogenation on OH-predosed Ir(100) surface, with a weak repulsive interaction energy of 0.15 eV. The dehydrogenation reaction via M1 pathway leading to water formation shows the barrier of 1.06 eV (including the interaction energy of 0.15 eV), and the reaction is endothermic by 0.58 eV. With respect to M2 pathway, the reaction barrier is 1.39 eV relative to the noninteraction of coadsorbed state, and the reaction energy is 0.68 eV. So the M1 pathway is more favorable than M2 pathway due to the low barrier and less endothermic. Also, the barrier of M1 pathway is slightly higher than that of 1.02 eV on clean surface, indicating that the predosed OH slightly inhibits the NH 2 dehydrogenation via M1 pathway.
The most stable coadsorption configuration 11 (shown in Figure 3c ) is found for the initial state for the NH dehydrogenation reaction on OH predosed surface. In structure 11, both NH and OH stay at their individual favorable adsorption sites, hollow and bridge sites, respectively, and there is a large repulsive interaction between them with the value of 0.37 eV. Starting from the initial state, the barriers of N−H bond scission via M1 and M2 pathways are 0.42 and 0.83 eV, respectively, and both of the pathways are endothermic by 0.22 and 0.26 eV, respectively. Thus, M1 pathway is more favorable than M2 pathway and it is seen that the predosed OH promotes the N−H bond scission of NH than that on clean surface.
D. Reaction Network. Based on calculated results discussed above, we can understand the variation of activation on clean, O-and OH-predosed Ir(100) surfaces. The stepwise ammonia dehydrogenation barriers are 0.86, 1.02, and 0.96 eV on clean Ir(100), respectively, and the first step of NH 3 is exothermic (−0.34 eV), while the other two are both endothermic. These results suggest that NH 2 will be the most likely intermediate and NH 2 dehydrogenation is the slowest step in ammonia dissociation, which is in line with previous DFT result. 13 When oxygen or hydroxyl is present on the surface, the dehydrogenation reactions of NH 3 and NH are promoted due to the lower barriers compared with those on the clean surface, while NH 2 dehydrogenation is slightly inhibited. Moreover, it is found that the predosed O is more active than OH in NH 3 and NH dehydrogenation steps, while the OH-predosed Ir(100) exhibits higher activity on the NH 2 dehydrogenation than the O-predosed surface. In addition, the hydrogen transfer from NH x (x = 1−3) species to predosed O or OH leading to NH x−1 (x = 1−3) + OH or NH x−1 (x = 1−3) + H 2 O (M1 pathway) is more favored over M2 pathway, which leads to NH x−1 + H + O (OH). Similar as clean Ir(100) surface, the NH 2 dehydrogenation step is the most difficult step in ammonia dehydrogenation on O-and OH-predosed Ir(100) surfaces.
3.2.2. Formation of Products. A. N 2 Formation. The detailed study for N 2 formation were characterized in our previous work, 54 where N + N → N 2 (path I) reaction starts from a dibridge configuration and the formed N 2 molecule coordinated on the hollow site with its molecular axis parallel to the surface and two N atoms pointing toward two bridge sites. The potential energy profiles and the corresponding geometries for initial, transition, and final states are depicted in Figure 4 . The combination reaction needs a barrier of 0.53 eV (including the weak repulsive interaction of 0.12 eV), which is in reasonable agreement experimental value of 0.66 eV. 4 An alternative N 2 formation mechanism from NH x (x = 1 or 2) coupling to N 2 H y (y = 2−4) intermediate, which finally dehydrogenate to form N 2 , was proposed on iridium and platinum single surfaces in several experimental reports. 26, 31, 32 The recombination of NH x is proposed to be the ratedetermining step. 26, 40 Recently, a theoretical study for ammonia oxidation on Pt(100) 22 reported that the NH x coupling reaction is not involved, where NH 2 + NH 2 → N 2 H 4 is unfavorable due to significantly repulsive interaction energy, and the coupling reaction of NH + NH → N 2 H 2 is unlikely to occur due to significantly higher barrier compared with that of NH + O → N + OH. However, to the best of our knowledge, mechanism of NH x coupling reaction and the subsequent N 2 formation on Ir(100) surface have not been studied yet. Therefore, to fully understand the mechanism of N 2 formation on Ir(100), a detailed theoretical study is very desirable.
The coupling reaction of NH 2 + NH 2 has an extreme high reaction barrier of 2.51 eV relative to coadsorbed initial state due to steric hindrance effect, and its further dehydrogenation to N 2 was not considered. Herein, two less steric hindrance coupling reactions of NH + NH and NH + N were considered for the likely routes of N 2 formation in the present work. The potential energy profile and corresponding adsorption structures for NH + NH are depicted in Figure 5 . It is seen that starting from the most stable coadsorbed configuration 26 of NH + NH, in which both two NH fragments reside on the bridge sites with a dibridge structure, the reaction proceeds via TS17 to form N 2 H 2 first at the hollow site with its N−N bond parallel to the surface. The reaction barrier of this coupling process is 1.18 eV relative to noninteracting state or 0.57 eV relative to coadsorbed initial state. Subsequently, the stepwise dehydrogenation of N 2 H 2 was located. As shown in Figure 5 , the two steps have similar TS structures (TS18 and TS19) as well as energetics. The reaction barriers of two steps are 0.81 and 0.82 eV, respectively, and the reaction energies are −0.07 and −0.06 eV, respectively. This N 2 formation path can be described as NH + NH → N 2 H 2 → N 2 H + H → N 2 + H (path II). As seen from Figure 5 , the overall reaction barrier (the highest energy of transition state relative to reactants state in this path) of path II (26 → TS17 → 27 → TS18 → 28 → 29 → TS19 → 30) is 1.23 eV (with the interaction energy of 0.61 eV) We have also investigated the coupling reaction of N + NH for the N 2 formation. As shown in Figure 5 , there are two likely pathways from the most stable coadosrbed configuration 31, in which both N and NH reside on the bridge sites with a dibridge structure. One (path III) is the N−N bond formation by straight coupling of the coadsorbed N and NH, with an interaction energy of 0.39 eV, via TS20 to form intermediate N 2 H, followed by the N−H bond scission via TS19 to form N 2 (path III), as discussed above. The first coupling process forming N 2 H needs a barrier of 0.31 eV, and the reaction energy is −0.19 eV relative to coadsorbed initial state, and the overall reaction barrier of path III (31 → TS20 → 29 → TS19 → 30) is 1.02 eV relative to noninteracting state. The other is the direct abstraction pathway N + NH → N 2 + H (path IV) with a higher barrier of 1.00 eV relative to the coadsorbed state 31 and, therefore, unfavorable.
B. NO Formation. The minimum energy pathway for N + O combination reaction on the clean Ir(100) surface is also shown in Figure 4 . Starting from the most stable coadsorbed configuration 32, the coupling reaction occurs and finishes with NO binds at hollow site. The process needs a barrier of 0.68 eV relative to coadsorbed initial state and the reaction is endothermic by 0.63 eV. Thus, the formation of NO is unlikely; instead, the reverse reaction to N and O atoms is more likely to occur.
C. Effect of Predosed O and OH on N 2 Formation. Because the reaction of NH + O → N + OH has a very low barrier of 0.09 eV, more oxidation products N and OH rather NH would stay on the surface, that is, the coverage of NH decreased sharply and the coverage of N increased sharply on the Opredosed Ir(100) compared with that on clean surface. As a result of decreased amount of NH on the surface, the coupling reactions of N + NH and NH + NH are inhibited and become unfavorable on the O-predosed Ir(100) surface. Thus, we just consider the coupling reaction of N + N on O-and OHpredosed Ir(100) surfaces. The potential energy profiles and the optimized structures of initial states, transition states and final states in these pathways are depicted in Figure 6 . For N adatom recombination reaction on O-predosed Ir(100) surface (see Figure 6a) , the most stable configuration 34 is taken as initial state, with a strong repulsive interaction energy of 1.33 eV between predosed O and N adatoms, and it goes through the transition state TS23 and finishes with final state 35. It should be noted that the barrier of N adatoms combination on clean surface is significantly lower than the repulsive interaction energy (0.53 vs 1.33 eV) in coadosrbed state 34, which indicates N adatom combination reaction (N + N + O → N 2 + O) favors over forming coadsorbed state (N···N···O) at low N/ O coverage, with a barrier of 0.53 eV. As can be seen in Figure  6a , the reaction barrier is 1.47 eV relative to noninteracting state or 0.14 eV relative to coadsorbed initial state. As generally known, at low N/O coverage, the barrier of this process must include the interaction energy, which is needed to bring the reactants together, while the case is different at high N/O coverage when considering crowding effect. 17 Excluding interaction energy, the reaction barrier is reduced to 0.14 eV. Thus, it is reasonable to confirm that the predosed O promotes the recombination of N + N reaction at high N/O coverage compared with that on clean Ir(100), while it does not impact the barrier of N adatoms combination reaction at low N/O coverage.
Starting from initial state 34, NO formation was also considered. The reaction needs to overcome a barrier of 1.21 eV relative to coadsorbed initial state, which is significantly larger than that of N 2 formation (1.21 vs 0.14 eV), indicating that NO is unlikely to be formed in this process.
N adatoms combination reaction starting from the most stable coadsorption configuration 37 on OH-predosed Ir(100) surface was shown in Figure 6b . The behavior of two N atoms in initial state, transition state and final state are very similar with that on O-predosed Ir(100) surface. It is found that the reaction barrier is 0.27 eV relative to coadsorbed initial state and the reaction is exothermic by 0.75 eV. For comparison, NOH formation starting from initial state was also performed. This process needs to overcome a high barrier of 1.61 eV relative to coadsorbed initial state with the reaction energy endothermic being 0.75 eV, indicating N 2 is the resulting product, while NOH is unlikely to be formed. Similar as the combination reaction of N + N on O-predosed Ir(100) surface, the reaction is promoted at high N/OH coverage compared with that on clean Ir(100), while the reaction possesses the same barrier as it is on clean Ir(100) at low N/OH coverage.
3.2.3. Possible Mechanism of N 2 Formation. As analyzed above, on clean surface, based on rough rule-of-thumb, 17 NH 3 desorption would occur around 384 K corresponding to an adsorption energy of 0.96 eV, while NH 2 dehydrogenation is about 408 K with a barrier of 1.02 eV. Thus, if the TPD experiment is used starting from 200 K, only a small fraction of the adsorbed NH 3 would undergo stepwise dehydrogenation, whereas most of them would desorb from the surface, which is in good qualitative agreement with experimental observation that approximately 12% of chemsorbed ammonia occurs by dissociation and, as a result, a less amount of N 2 was observed. 4 It is known that the barriers of paths I−III are 0.53, 1.23, and 1.02 eV (relative to noninteracting state), respectively, and hence, the recombination of N + N (path I) is the most favorable pathway for N 2 formation, and as temperature increases, path III (N + NH → N 2 H → N 2 + H) is also possible, while the path II of NH + NH → N 2 H 2 → N 2 H + H → N 2 + H is least feasible for N 2 formation due to the highest reaction barrier. When TPD experiment starts from 410 K, 4 successive dehydrogenation of more adsorbed NH 3 could take place, resulting in an increasing amount of NH produced on the surface. Considering the crowding effects, at high NH coverage, the NH fragments have to be close to each other, and the relative interaction of the initial state could be negligible. Hence, the effect reaction barrier of path II is reduced to 0.62 eV (excluding the interaction energy) at high NH coverage, which is in good agreement with experimental value of 0.66 eV, 4 and favoring NH coupling over dehydrogenation reaction. Path II is the predominant pathway for N 2 formation at the beginning of reaction in TPD experiment starting from 410 K. While as the reaction proceeds, the coverage of NH on the surface decreased rapidly along with N 2 desorption and, hence, inhibits path II; in contrast, paths I and III become more favorable at low NH coverage. Thus, paths I−III are all responsible for N 2 formation on clean surface with respect to the TPD experiment starting from 410 K. On the other hand, when oxygen or hydroxyl is present on the surface, oxygen-or hydroxyl-assisted dehydrogenation steps (NH 2 and NH) have lower barriers than the coupling ones. Thus, N adatoms combination (path I) is the predominant pathway and is enhanced on O-and OH-predosed Ir(100) surface, while paths II and III are unlikely to be involved. It is shown that N 2 formation mechanism depends both on temperature and surface coverage of NH.
3.3. Discussions. In this section, we first describe the main factors governing the reaction barriers. Then, on the basis of DFT calculated results and microkinetic analysis the possible products selectivity was discussed.
A. Determining Factors for the Relevant Energy Barriers. To give a further interpretation of the determining factors for the reaction energy barriers, we decompose the reaction energy barrier E using the following formula:
where ΔE sub represents the energy cost of the substrate changing from initial state (IS) to transition state (TS); ΔE R def is the deformation energy that is needed for the structure deformation of reactant (R) from IS to TS; E R IS is the binding energy of reactant (R) in the IS, and it should be highlighted that E R IS is the cobinding energy for the NH x dehydrogenation on O-and OH-predosed Ir(100) surface via M1 pathway; E A TS (E B TS ) is called for the binding energy of A (B) fragment in the TS structure without B (A); E int TS is defined as interaction between A and B in the TS, which is believed to be containing the energy derived by Pauli repulsion and bonding competition. 21, 57 It is seen that the first four ingredients contribute positively to the energy barrier, while the last two factors have a 22 On the basis of the DFT calculated results and microkinetic model (see Supporting Information) under experimental conditions of ultrahigh vacuum (UHV) chamer (base pressure of <2 × 10 −10 Torr and T = 200−1000 K), 4 we are able to obtain the possible products selectivity. The forward and reverse activation energies and the rate constants of the elementary steps involved in microkinetic model are listed in Table 3 . Note that the infinite separation activation barriers were used in the rate constant calculations. The results show that, for temperatures ranging from 200 to 1000 K at the ratio of NH 3 /O 2 = 10, N 2 is the predominant product on Ir(100), and the relative selectivity toward NO is zero. As shown in Table 3 , the activation barrier of N 2 formation is only slightly lower than that of NO (0.53 vs 0.64 eV), however, the N 2 selectivity is really high. This indicates that the high N 2 selectivity is mainly dependent on the lower dissociation barrier of NO, which is in line with experimental result. 24 Because the product selectivity not only depends on temperatures but also the ratios of NH 3 / O 2 , the ratios of NH 3 /O 2 at 1:1 and 1:10 were also considered for N 2 selectivity on different temperatures. N 2 is also the predominant product on both the ratios of NH 3 /O 2 at 1:1 and 1:10, while the NO selectivity is also zero in all temperatures. The microkinetic results are in good agreement with the experimental observation 4 that no NO desorption in ammonia oxidation process. The present results indicate that Ir(100) possesses high N 2 selectivity even on very low NH 3 /O 2 ratio.
CONCLUSIONS
In summary, a systematic density functional theory study of the ammonia dehydrogenation on clean, O-and OH-predosed Ir(100) surfaces have been investigated. The calculated results are obtained as follows: (1) Ammonia dissociation and desorption on clean Ir(100) are competitive, while ammonia dehydrogenation is significantly more active than its desorption on O-and OH-predosed Ir(100) surfaces, which is in good agreement with experimental observation. 4 NH 2 is the most difficult step in ammonia dehydrogenation on the clean, O-and OH-predosed Ir(100) surfaces. (2) The predosed O or OH on Ir(100) activate the dehydrogenation of NH 3 and NH, while NH 2 dehydrogenation is slightly inhibited. NH 3 and NH dehydrogenation reactions are more active on O-predosed Ir(100) surface compared with that on OH-predosed surface, while it is reversed for NH 2 dehydrogenation. In both cases, the hydrogen transfer from NH x (x = 1−3) species to predosed O or OH (M1 pathway) leading to NH x−1 (x = 1−3) + OH or 
